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NT CTION 


The sphere gap has for many years been an accepted 
method for the measurement of high voltage at power frequen- 
eies ‘ 1s?) and also for impulse testing, It is not however, 
at present an accepted standard for the measurement of high 
voltages at radio frequencies, This is largely due to the 
lack of published data on the spark-over values of sphere 
gaps in air at radio frequencies, There has been some work 
published in this siera'314s56) | but the results are not 
altogether consistent and the spectrum of frequencies covered 
is far from complete. 

The vurpose of this study is to evaluate the possibility 
of using sphere gaps for the measurement of moderately high 
voltages, - up to 20 kilovolts peak ~, in the frequency 
range from 500 kilocyeles to 15 megacycles, To accomplish 
this, a peak-reading vacuun-tube voltzeter, with associated 
capacitance-divider, was constructed and calibrated, and em- 
ployed to determine the spark-over values of sphere gaps in 
air at these frequencies, 

The results indicate that the sphere gan, if irradiated, 
may be used for the measurement of voltages in the ranges of 
magnitude and frequency considered, Consistent results show 
a break-down strength for air, at these frequencies, which is 
80-25% of that at power frequencies, This is in general 


(1,2) For numbered references see bibliography. 
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apreement with the somewhat meagre data that has been pub-~ 
lished. (344,556) The results are shown in the curves, 
pages 28 to 33, 

The possibility of using a red gap was also investi- 
gated, These results are less encouraging, and are shown in 
the curves, pages 34 to 37, 


THE SPHYRE GAP AS A VOLTAGE- 
MrASURING INSTRUMENT 


r Frequencies: 





The measurement of very high voltages, at power fre- 
quencies, can be accomplished readily and with considerable 
accuracy by the use of sphere gaps. The American Standards 
Association publication C 68,1 - 1942"), sponsored by the 
American Institute of Electrical Engineers, gives tabulated 
values of spark-over voltage in air, for spheres of various 
dianeters and spacings, Voltages up to 2,000 kilovolts peak 
are covered, A simple correction for air density must be 
made, because the dielectric strength of air is a function 
of its density. Within the range of air densities normally 
encountered near sea level, this variation is practically \ 
linear, The tabulated spark-over voltages are for the 
stamiard density conditions corresponding to a barometric 
pressure of 760 millimeters of mercury and a temperature of 
25° Centigrade, According to this publication, no correc- 
tion need be made for hunidity, although there is some pub- 


lished data”? indicating that humidity has a slight effect, 
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The axial field between apheres can be calculated (2,8) | 
and with a knowledge of the break-down strength of air, the 
spark-over voltage for srheres of arbitrary diameter and 
specified gap spacing can therefore be calculated, The 
agreement between calculated and observed values is quite 
good ‘8) | and enhances the use of sphere gaps for measuring 
voltage, It should be noted, however, that the sphere gap 
is a creet, or peak-reading device, 

The field intensity alone the axial line between the 
spheres is not uniform, being a maximum at the sphere sur- 
faces and a minimum midway across the gap. Furthermore, if 
one sphere is grounded, which in practice is very often the 
case, the field intensity is somewhat distorted, placing 
greatest stress at the surface of the ungrounded sphere, 
However, these effects are not serious if the gap spacing 
is small compared to the sphere diameter. It is customary 
to choose spheres of sufficiently large diameter to fulfill 
this cendition, 

Although the gap spacing is quite critical in determin- 
ing the spark-over voltage, the diameter of the srheres is 
not. For example, the 60-cycle crest voltages listed fer a 
gap spacing of 1 em. are 312,300 for 6.25 cm, spheres, and 
31,700 for 12.5 cm. spheres, 

The sphere-gap as a voltage-measuring device suffers 
the disadvantage that the breakdown of the gap imnoses prac- 


tically a short circuit on the voltage source being measured, 
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For this reason it is customary to connect a fairly high 


resistance in series with the gap, 





The generally accepted theory of the spark-over of a 
gap'2#10,11,22) postulates that electrons existing in the 
gap are attracted toward the anode, and if the field ine 
tensity is great enough, they acquire sufficient energy dur- 
ing the traverse of a mean-free-path to icnize an atom on 
collision, This produces more electrons, and an avalanche 
is formed, which ie spear-headed toward the anode, and 
leaves in its trail a highly-ionized column of air, The 
velocity of this process has been studied by many investi- 
gators (9518) and found to be of the order of 10° centimeters 
per second, which is greater than can be accounted for by 
the mobility of the electrons, Consequently it is believed 
that the ionized body of the avalanche emits light photons, 
(9) 


some of which cause ionization in advance of the avalanche, 


Spark-over occurs when this action completely bridges the gap. 


Effects of Irradiation: 


The initiation of the spark-over mechanism requires the 
existence of one or more electrons in the gap, There is 
therefore some uncertainty in the value of voltage at which 
a gap will spark over, unless the voltage is maintained for 
@ reasonable time, In other words, there is an unpredictable 
time lag in the proceas, To reduce this uncertainty, it is 


often the practice to irradiate the sphere gap. using ultra- 
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violet light, Xerays, or emissions from radioceactive matere= 
jals, This guarantees a generous suvply of electrons in the 
gap, reduces the spark-over time lag, and improves the cone 
sistency of the observed values of spark-over voltages, 
Irradiation generally lovers the spark-over values (7213514, 


15,16) 
« At power frequency, irradiation is usually con- 


sidered necessary only for short gans, 





Some modification of practice and theory is needed when 
the sphere gap is used at high frequencies, In the first 
place, spheres of large diameter are unsuitable because of 
the charging current they would draw prior to srark over, 
For example, even 6,25 centimeter spheres spaced 0,5 centi- 
meter apart would draw several amperes charging current at 
10 megacycles with 10 Kv (rms) applied, Hence small spheres 
are practically necessary, and since sphere gaps mnt be 
employed with much reliability at gap spacings greater than 
the sphere diameter, it is evident that this limits their 
use, at high frequencies, to moderately high voltages, Also 
because of the appreciable charging currents, the use of 
high resistances in series with the gap will lead to inac- 
curacies, 

Secondly, irradiation is more necessary at high fre- 
quencies, At 10 megacyles, a sine wave attains 95% or more 
of its crest value for only 107° second during each half- 
cycle. Hence time lags in the sparkeover could lead to 


results much more erractic than those at power frequencies, 
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Theoretical studies indicate that the "avalanche" pice 
ture of the dielectric breakdown of a gas will hold so long 
as the electrons encounter many collisions per cycle of ape 


plied voltage, 72? 


But if the frequency and the gaseous 
pressure are such thet the electrons experience many cycles 

of voltage between collisions, then a somewhat different 
theory of breakdown is postulated, The minimum dielectric 
strength of the gas occurs during transition from one situae 
tion to the other; that is, when an electron would experience 
about one collision per cycle of applied entonpen. This mini- 
mum has been experimentally verified for gases at low presse 


Wy) 
ures, using high frequency fields, (2292) 


However, a rough 
calculation based on the classical value for the mean-free=- 
path of an electron, indicates that for air at atmosvheric 
pressure this minimum would occur at a frequency of the 
order of 107 cycles per second, (See Appendix A), Hence 
theoretical considerations of spark-over in air, at radio 


frequencies or even at ultra-high frequencies, may be based 


on the "avalanche" theory outlined above, 


FEPERISENTAL WORK 


The VacuumeTube Voltmeter: 
To test the performance of sphere gaps at high frequene 


cies, it was first necessary to deviee a suitable method for 
measuring accurately the voltages involved, For this purpose 
@ vacuumetube voltmeter with associated capacitance-divider 


was constructed, It is shown in the photograph on 
page 7, 
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CAPACITANCE-~DIVIDER VACUUM~TUBE VOLTMETER 


In the lower view, one side of the shielding box 
is removed, to show inner constructiom, 
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and by the drawings on page & The schematic circuit appears 
on page 10, The capacitance-divider comprises C, and Co. Cy 
43 ean air capacitance formed between the high-voltage elec- 
trode and the small disc, which is surrounded by a guard ring. 
The Value of C, 18 calculated from its dimensions to be 

0,093 un. Fa Co consists of two small mica capacitors hav- 
ing nominal ratins of 54uF. and 20 uwyF., connected 

in parallel, plus the capacitance to ground of the disc andi 
the necessary connections, The value of C, was measured and 
found to be 33.uF., over a range of frequencies from 500 
kilocycles to 15 megacycles, C3 is the capacitance formed by 
the high voltage electrode and the guard ring. It is about 
Syke C) represents the distributed capacitance to 

ground of 5 feet of shielded cable, It measures 335 uu, 

Ce is a 2000 uF. by-pass capacitor, 

The vacuum tube is a type 955 acorn tube, with grid and 
plate connected together, to forma diode rectifier, R, con- 
sists of three miniature type resistors in series, cach rated 
at 1 megohm, These are type MPM resistors, manufactured by 
International Resistance Co. for high-frecuency receivers and 
similar applications, At 500 kilocycles, the susceptance of 
Co is about 300 times the conductance of R, which parallels 
it, so the cavacitance divider does not suffer frequency dis- 
tortion in the range of frequencies considered, Furthermore, 
the time constant of R, Co is about 100 microseconds, per- 
mitting the voltage across C2, at 500 kilocycles, to average 


99% of its peak value, Hence this capacitance-divider vacuun- 
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tube voltmeter should have a flat frequency response in the 
range of frequencies considered. This is borne out by the 
calibration date. 

Ro is the resistance of the microammeter, plus some 
Kibe-tetnd Molstuitic units, and is 63.600 ohms. Ry is a 
resistance of 40,100 ohms which can be shunted across the 
microammeter, thus increasing the range of the voltmeter by 
a factor of 2.62. The microammeter was originally a General 
Electric Co., type DPJ, 0 to 3 voltmeter having 300,000 ohms 
resistance. Yost of the internal resistance is removed, and 
it is used as a 0-10 microammeter. It has a scale length of 
4 inches, with an accuracy of 1/2% of full scale. Four 
1-1/2 volt flashlight cells are used for the vacuum-tube 
filament supply. 

Calibration of Voltmeter: 

Calibration of the voltmeter over a ee range 
of frequencies, was accomplished by simultaneous readings 
of the voltmeter and of the current drawn by a guard-ring 
type cylindrical capacitor, when these were both connected 
to the high voltage source, A schematic diagram of this sete 
up appears on page 12, The cylindrical capacitor current 
was measured by a thermocouple and associated microanmmeter, 
previously calibrated on direct current. The direct current 
calibration curve appears on page 13, The thermocouple is a 
Western Electric Co. vacuum type No. 5C having a nominal 


rating of 75 milliamperes and a heater resistance of 5 ohms, 
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its capacitance is about 2 A..F, and its inductance of the 
order of 0,05 microhenry. 

Two cylimirical capacitors were constructed, The second 
and larger one was built after the original one was found to 
be inadequate for voltages greater than 10 kilovolts peak, 

A photograch on page 16 shows these capacitors, and drawings 
of the larger one appear on page 17. For each cspacitor, 


three interchangeeble lengths of guarded outer cylinder were 


made, so that a wide range of vclitage and frequency could te 


covered, while keering the thermecouple current within its 
calibrated renge. The resultant calibration of the capaci- 
vance-divider vacuum-ture voltmeter avrears on nage 14. The 
calibration is quite linear, and showed no variation with 
frequency in the range of frequencies, - 0,3 to 5 megacycles- 
over which it was calibrated, 

Since the capacitor current read by means of the ther- 
mocouple is root-mean-square, while the voltmeter reads 
crest values, it was necessary to check the wave form during 
calibration, This was done by testing for harmonic content, 
using a General Radio Co. Precision “avemeter type 724-A,. 

The thermocourle and cvlindricsl capacitor are not 
suitable for testing the evhere gaps directly, ter several 
reasons, The first reason is that it is not a peak-reading 
arrangement, as is the vacuua-tube voltmeter, Seconmily, 
the thermoceuple current is proportionsl to frequency, so 
that the arrangemsnt would have a different meter scale for 


each frequency, Thirdly, the meter scale is not linear, 










0 Aes er se anus nt art eter Aa ah a 
vem ad tenets £4 ere rad ey ie unt ti 
Spi Peet) ban yee amen wand ome Ad one) ae 
(Cee Meme AY I a ik Shee 
SyeF mn Wet Rate to mgt al 
v edoeheas bond Se 
0 Che Jer A CaecemCh cy pe Re ALile 
-amae Oe he chau hike demd Cenee oflT each . 
aT 4. ee) we wm or ior oe 
Hie eiivehore cc Dee kom temlr oomey ar | 
ventormen of 10 - ,cobumuen) To ques air a) em 
sbetewhitan umm 1) dakde wore 
Hdl 08f heme oY Ane terre welimemes oth aneth 
Lary aoe Gry oll OS1m premier at af < 
BLivEt Pet an a ee Od Enon wer id eeler dee 
one er iemoent eo alton wy enat mie AMT simi 3 
2ST wre? oehrree? onbtitrey! 0 ofte Lenka o gates 
2 Re TLS Let yi deme 9 Cauca 
Comers WT .ofkewat? anag eset ont geiyens oD a ead iene 
arlhewr~teer « fee cl di (er «meee cee] eo eet 
thee TN ed lot eet a Or ee Sree 
ve Cee en) 6d Leer Wo fre vero aloe ond 
Wot tee ete bee Ne ome = beeper av te 
ements te A eke ete ee oe ocd dene 

















“CHTEWASSVSTIG NMOHS SI GNO WATITVNS FHL “°SHOLIOVdVO IVOINANITAO 











: a 





YOLIOVEVYD “WWOIMONITAD 





Pea A) Be a ea) 
ee Mee LF tee Ry elo 





whereas the vacuum-tube voltmeter is. And finally, the 


thermocouple has a considerable time lag, 


Source of Test Voltage: 


Two Navy~-type radio transmitters served as the source 
of test voltages. Gane was rated 1000 watts 0.%, from 300 
kilocyelesa to 2000 kilocrcles, ard the other was rated 500 
watts C.%. from 2 megacycles to 18 megacycles. These are 
macter-oscillator, power-amplifier type transmitters, The 
high voltages were obtained by using a series-resonant cire 
cuit as load. A schematic diagram appeare on page 19, and 
a photograph of the test set-up on page 20. Suitable coils 
were constructed, using No. 10 dou»le-cotton-covered wire 
for the lower frequencies, and 1/4 inch copper tubing for 
the higher frequencies. The capacitances were simple dises 
of suitable sizes, sat at varia>le distance above the ground 
plene, At the higher frequencies, the capacitance of the 
voltmeter plus the sphere gap or the cylindrical capacitor, 


was sufficient to-achieve resonance, 


The Sphere Gans: 


Two sphere gans were used, The larger had brass spheres 
6.25 em. in diameter, and was made dy General Electric Co. 
The smaller was conetructed for this study, using brass 
spheres 2 cm. in diameter. Specifications of the American 
Standards Aesoeiation 2) were followed. In addition, the 


support for the shank of the upper, ungrounded sphere was 
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made of polystyrene, In all tests the spheres were mounted 
in a vertical position, with the lower sphere grounded, 

A rod gap also was constructed following specifications 
set forth by the American Standards Association'2), Brass 
rods, 1/2 inch square and cut off squarely, form the two 
electrodes, Corners were not rounded off, but eurr was re- 


moved, 


source of Irradiation: 


A simple source of irradiation was chosen. This was a 
Westinghouse Co, type RS sunlamp, rated 110 volts, 275 watts, 
which fits into a standard lamp socket, It is a mercury-arc 
type, with a bulb of special glass which passes considerable 
ultra-violet light, It was found to be adequate for the 


purposes of this study. 


Testing Procedure: 


The following procedure was used to obtain the test 
data: A selected frequency was set up in the transmitter, 
and a suitable coil and capacitance arrangement was found 
which would provide a series-resonant load, The capacitance 
included the sphere gan and the voltmeter in parallel. With- 
in the transmitter are an antenna loading coil and a counling 
condenser wnich permitted a smooth final adjustment for reso- 
nance, The sphere pap was then set at a fixed gap value, de- 
térimined by means of a feeler gauge, and the plate voltage on 
the final stage of the transmitter was increased until a pre- 


liminary spark-over occurred. Then with this voltage cut off, 
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the load was de-tuned slightly by means of either the antenna 
loading coil or the coupling capacitor, so that when plate 
voltage was re-applied to the outrut stage, the resultant 
voltage across the sphere gap was about 90% of spark-over 
value, This voltage was slowly increased by restoring the 
resonance through gradual manipulation of the antenna loading 
coil ar coupling capacitor, The transmitter was cut off 
manually as soon as spark-over occurred, to avoid burning or 
pitting the spheres, Five such readings were tuken, The 
ultra-violet light was then turned on and five more readings 
obtained with the spheres irradiated, Finally the sphere-fap 

| setting was rechecked, before resetting to a new gan value, 

Atmospheric pressure was read from a mercury-columm 
barometer, Temperature and humidity were recorded from a 
wet and dry bulb thermometer, 

Cleaning the spheres with crocus cloth, carbon tetra- 
chloride, and soft cloth seemed to produce no effect on the 
results, Consequently, a great many spark-overs were re- 


corded before storping to clean the spheres, 


EXPERIMENTAL RESULTS 
The results of this study are presented in the form of 
curves, on pages 2% to 40, The original data are tabulated 


in Appendix B, For purposes of comparison, the spark-over 
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values for irradiated 2-cm svheres at 50 cycles » together 
with the values found for irradiated spheres at the frequen- 
cies used in this investigation, are plotted on page 33. 
Wherever the scattering of the data is significant, the in- 
dividual observations are plotted. Otherwise each roint 


represents the average of five or more observations, 


DISCUSSION OP RESULTS 


The most noteworthy feature of the results is their 
consistency, particularly over such a wide range of frequene 
cies, The consistency of individual observations, for a 
given gap setting and frequency, is also remarkable when the 
gap is irradiated, When the spheres are not irradiated, this 
consistency is not as good, anc the readings are generally 
somewhat higher, This is in agreement with the results of 
other investigators, (4,7,13,14,15,16) 

For very small gaps, if the frequency was not too high, 
the spark-over voltage seemed to coincide with that for power 
frequency, Then as the cap length was increased, there was 
a semi-abrupt transition to the lover spark-over values that 
are characteristic of the high frequencies, This effect is 
most clearly shown in the curves of spark-over voltages vs, 
frequency for fixed values of gap setting, page 35, 

A possible theory to account for this is presented, A 
sinusoidal voltage having crest value slightly less than 
spark-over value, during its peak may form incipient breake- 


down streamers of ionized air part way acrogs the gap. 
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During the remainder of the half-cycle, these ions will be 
attracted toward the sphere surfaces, and if the cycle is not 
too brief, or the distance to be travelled not too long, ef- 
fective de-ionization of the gap will take plinace before the 
next voltage peak occurs,* At power frequency, this takes 
place for any gap of reasonable length, And if this theory 
is correct, the experimental results of this study indicate 
that this de-ionization takes place for example, at 300 kilo- 
eyclea for a gap length of 1 millimeter, but does not take 
place if the gap is 2 millimeters, From this, a rough calcu- 
lation gives a figure for ion mobility of about 3 cm/sec/volt/ 
em. (See Appendix A). This is in good agreement with the 
value 3 - 4 cm/sec/volt/em derived recently by another in- 
vestigator 19) from probe measurements of 60-cycle corona, 
Another feature of the curves of spark-over voltage vs. 
frequency, for various fixed gap lengths, page 38, is the ap- 
pearance of definite minima, These minima are functions of 
gap length and frequency, as is most clearly shown by the 
curve on page 39, where the reciprocal of the frequency at 
which the minimum occurs for a fixed gap length, is plotted 
against gap length, The nearly linear form of this curve 
suggests that the product ef, is relatively constant, where 
g is gap length and f, is the frequency at which the minimum 
occurs, The product ¢f,, over the range of gaps from 0,77 
millimeters > 6 millimeters, is found to be (4 F 0,5) x10°, 
ery (20) wane is essentially the same as that proposed by 


» Who studied gaps of less than 1 millimeter, at fre- 
quencies from 100 to 300 megacycles, 
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where f,, is in cycles per secomi, and g is in centimeters, 

To account for these minima, the possibility of tonic 
oscillations was considered. Such oscillations, at frequen- 
cies of the same order of magnitude as these minima, (about 
1 megacycle) have been reported in the study of the plasma of 
low-preseure gaseous discharges ‘2°) , Their velocity of 
propagation v can be calculated theoretically from v =f} al 
where k is the Boltzmann constant, T is the electron ‘— 
perature, and fis the mass of an ion. (For nitrogen, 

Me 23.27 x 10° grams), Assuming T to be about 30,000 dee 
grees absolute, gives a velocity of propagation v = 42x07 
centimeters per second, Now on page 38, the curve for a 6< 
millimeter gap shows a minimum at about 550 kilocycles 

(point A), Assuming an ionic oscillation to exist, and its 
wavelength to be twice the gap length, a velocity of propaga- 
tion of 6.6 x 10° centimeters per second is calculated, This 
is in fair agreement with that calculated from the theory, 

A resonance between the frequency of applied field and 
ionie oscillations could serve to lower the breakdown voltage 
of the gap, because at resonance the ionic oscillations would 
be enhanced, and additional energy would be supplied to the 
gap by the applied voltage. An increase of ionization, and 
lowered break-down strength would logically result, 

in the curves, page 38, there is also some evidence of 
a second set of minima to be expected at much higher frequene 
cies than those used in this investigation, These could be 


associated with a resonance effect involving electronic 
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oscillations, The ratio of the mass of a nitrogen ion to 
that of an electron is about 26000 to 1, Assuming the 
resonant frequency to vary inversely as the square root of 
the mass, a second minimum might therefore be expected at 
a frequency 160 times that which has been ascribed to ionic 
oscillations, The conjectured apnearance of such a minimun 
at about 10° cycles per second (point B), has been sketched 
in a dotted extrapolation of the curve on page 38, for the 
ease of a gap length of 6 millimeters, Electronic oseilla- 
tions having frequencies of this order of magnitude have 
been found in studies of the plasma of gaseous discharges ‘7°) , 
The sphere-gap results are in general agreement with 
previous studies, particularly those of Ekstrana ©) | who made 
tests with 2-cm, irradiated spheres at 700 kilocycles and 
1800 kilocycles, Seward (4) and Alford and Pietles (5) report 


values about 15% higher, and Reukena ‘> 


values about 5% 

lower than those of this investigation, for corresponding 
frequencies, These differences may be due to the lack of 
irradiation, and to the use of a different intensity of 
irradiation, respectively, because apparently snark-over value 
does decrease somewhat with increased intensity of irradiation, 
(13,14,15,16) puring this investigation, the ultra-violet 
light was maintained at a distance of 10 cm, from the gap, 

for the sake of uniformity, However, moving the lamp 


closer seemed to produce no measurable difference in the 


spark-over values, 
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“2%. 


The rod gap was investigated, because it appears in the 
American Standards Asseciation publication’), rte use at 
these high frequencies does not seem to offer a great promise, 
For very small gap settings the results tend to be erratic, 
while for gaps much over 2 cm., corresponding to about 14 
kilovolts peak, there was an unpredictable tendency for a 
flamelike discharge to strike from any one of the sharp 
corners of the upper electrode. This discharge would not 
strike to the lower, grounded electrode, but would extend 
out into space, more or less like corona, About the only 
feature in favor of the rod gap is its ease of construction, 

On page 40 there is presented in graphical form a survey 
of published test results on the dielectrio strength of air, 
covering © broad range of frequencies, The results of this 
report are included, for comparison, The various investiga- 
tions were conducted under widely different conditions, so 
that not all are subject to direct comparison, In compiling 
this survey, the values corresponding to irradiated spheres 
with a gap spacing of 0.5 cm. were chosen wherever possible,* 
This survey indicates that over a wide spectrum of frequen- 
cles, the dielectric strength of air does not vary e great 
deal, 


* In computing the dielectrio strength of air at high fre- 
quencies, fron the spark-over voltages of the various sphere 
gaps, the correction factor set forth by Peek,(2, page 28) 
was not used, because the results of this report, and a study 
of the available published data, indicate that this correc- 
tion factor does not arply at high frequencies, for the 
sphere sizes ani gap lengths considered, 
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UMMARY OF ROD GAP TESTS 
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CONCLUSIONS 

The use of sphere gaps for the measurement of moderately 
high voltages at high frequencies, has been investigated and 
found to be quite practical in the ranges of frequency and 
voltage considered. In fact, a small sphere-gap, with con- 
trolled irradiation, is shown to be an accurate and extremely 
simple method for measuring these voltages, Data are pre- 
sented for frequencies from 300 kilocyeles to 12.5 mezacy- 
cles, and for voltages up to about 20 kilovolts peak, The 
results overlap and are in general agreement with data which 
have been published in the lover part of this frequency 
range, - up to 1.8 mezacycles -, and considerably extend 
this range into frequencies regarding which no compareble 
data are available, 

In the course of the investigation, it was noted that 
the decrease of breakdown voltage with frequency was not 2 
smooth function, but was more in the nature of a transition 
from one value for lower frequencies to a reduced value for 
higher frequencies. A theoretical consideration of this ef- 
feet appears in the discussion of results, and an approxi- 
mate value of ion mobility is deduced, based on the theory 
proposed and the observed data, The value of ion mobility 
is in good agreement with other published figures, 

Definite minima vere observed when spark-over voltages 
for fixed gap lengths were plotted against frequency, These 


are ascribed to tonic oscillation, and calculations are set 
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forth which serve to substantiate this theory, It is noted 
that the frequencies of these minima lie in the same range 
as published values for ionic resonance frequencies detected 
in the vlasma of caseous discharges. 

The probability of a second set of minima, at frequen- 
cies much higher than those used in this study, is noted from 
the plotted results, It is suggested that these higher-~ 


frequency minima may be related to electronic oscillations, 
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APFENDIX A 
1, Calenlation of Ontinmum Breakdown Frequency for Air at 

Atmospheric Pressure, 

The force on an electron in ob ateaibaliteg 
field is Fe e@£ sinwt, 
where F is the force in dynes; 

@ is the electronic charge, in ¢.6.U.3 

E is the peak value of the field strength in stat- 
volts per centimeter; 

wis the frequency in radians per second and 

t is time in seconds, 

The electron acceleration will be a a* where m is 
its mass in grams, 7 

Taking E to be 90 statvolts per centimeter, which is 
slightly lover than the breakdown value for atmospheric air, 
and substituting well known values for «4 and m, gives 
ash4.7] x 10-7 sin wt (em/see”, ) 

Now velocity vec faat = - 4:77 x 10? coswt (em/sec) 
and displacement d <= Sv dt - “4.77 x 1617 sinwt (cm) 
maxinum displacement oceurs for int 2s -l, so the maximum 
displacement is 4,77 107 (em). 

Now the waanaed path of an electron in atmnospheric 
air is approximately 5 x 107? centimeters. Hqueting this to 


the displacement calculated above cives 4,77 x 10°? = 5010? (em) 
U2 


—— se * -_- — —_—<_ 






———_— + — & ews tt ow 


ne err ens aa 


~~ «& . ke a aeehaeee ace 
7 ee ee 
ates eo tie we 
~ edely ll chemise bi ab We tee Bel a 
ro eit wer ol lew 
ee Meee ome mule, ot Vee ae of L, 
ime st wae 
ste veer 8 5 et lle etm ieee Eerie ot 
¥ ry ee 
o) Chee terete Gey ai trvee™ OF a at > guhart 
tae oie ae ae eee ot? cats toenl Tleeil 
oom ete © al euler ome [Dee wrltetivetes ee 
t Fetes! ewer “ate Mase 
temo poi terrae = ce) ee en oe 
(vont ¢ itwle See 2b 6] = 0 aceon te te 
ntti we oe t= 5 Publ Get eee somedaiett) eentese 
-benr TL g Trab *) temmcatncse 
tieetepet: os! geoteefr ap YO Oth eens at ew 
nf VR enter oeewertere OY ¢ 2 teeter «2 aie 
¢ ; 
wr oe = Bip Th arly CURds CEPR LL sien tS ait 

















Henee W)* = 10*4 (approximately) 
Or w= 10! radiane per second, 
or frequency = Ke = 101 cycles per second (approximately) 

This raisleiatianl ie order of magnitude of the frequency 
for optimum breakdown; or in other words, the frequency et 
which the dielectric strength of atmospheric air would be a 
minimum. 

Ze Calculation of lon Mobility. 

The drift velocity v of an ion ins gas, under the in- 
fluence of an applied electric field X, is usually taken to 
be v = KX, where k is the ion mobility, expressed in 
centimeters-per-second per volts-per centimeter, Assuming 
that ions are formed at the peak of an impressed sinusoidal 
field, their subsequent velocity would then be 
v=-k E coswt, where ~ ie the peak field strength and is 
27 times the frequency, During the next quarter-cyrcle, 


until the field diminishes to zere, the ion will move a dis- 
at... 
tance x = f 2 
oO v dt 
gut. 
Or, x = f 2 k BE coswt dt=kE centineters 
0 UW 
hence k- box - 21 fx 
E E 
Now from the curves on page 3° it can be concluded that 


for a ]~millimeter gap, the ions were able to reach the surface 


of the olectraije for frequencies below about 300 kilocycles, 
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Assuming that the ions must traverse apyroximately half the 
total gap, x is then 0.05 centimeter, Using for E a value 
of 30,000 volts per centimeter, which is approximately the 
spark-over level, gives 


ke 2%7x3x10 x 0,05 = 3 em/sec/volt/em (approximately) 
30,000 
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TESTS ON 6,25 -cm, SPUYRES AT 30% KILOCYCLES 
Barometer 75.10 cm, temperature 25%, 


OPARK@OVER VOLTAGE 


GAP LENGTH (Peak Volts, corrected ) 
(‘ai llimeters ) Not irradiated Irradiated 
6.25 18260 17800 
s 18130 18000 
- 17920 18100 
17920 18000 
ad 18350 18100 
$87 15400 14800 
” 15300 15000 
. 15400 15100 
- 15300 15000 
7 15400 15000 
4e83 13700 13400 
” 13700 13'700 
. 13800 13600 
” 13700 13600 
<3 13600 13600 
4.01 12200 11800 
. 12200 11800 
~ 12300 11700 
- 12100 11800 
- 12200 11800 
3.04 9250 9500 
. 9730 9450 
: 9560 94,50 
" 9730 9450 
al 9770 94,50 
2.28 7380 8000 
" 8130 7900 
* 8210 7900 
$530 73900 
° 8000 7900 
1,63 7030 6480 
" 6750 6480 
" 6880 64,00 
” 7000 6480 
i 6960 64,80 
0,26 4300 3900 
7 4250 3900 
. 4330 3850 
- 4220 3900 
° 4330 3900 
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TESTS ON 2=em, SPH™RVS AT 308 KILOCYCLIS 


Rarometer 75.93 cm, Temperature 24°, 


SPARK-CVER VOLTAGE 


7500 


GAP LENGTH | (Peak Volts, corrected ) 
(millimeters ) Not irradiated Irradiated 
6.32 17200 17500 
" 1'7800 17400 
* 18000 17400 
fq 18200 17500 
" 18100 17400 
5.73 16300 14100 
" 16400 16100 
a 16300 16100 
" 16300 14100 
" 16400 16100 
Ae %2 13600 13400 
- 13800 13400 
9 13800 13400 
“ 13800 13300 
o 13800 13300 
4.97 11900 11900 
it 11900 ~ 11900 
a 11900 11900 
fn 11900 11900 
n 12100 19000 
3,56 11000 10800 
" 10900 19600 
" 12200 10700 
” 12900 10700 
n 11000 10700 
2.35 #430 8150 
8500 8200 
° &750 8200 
i 8750 8150 
n $750 £100 
1.82 7620 7100 
fn 7820 6900 
n 7500 6900 
" 7300 7000 


7000 
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TESTS ON 2-em, SPHERES AT 308 KILOCYCIFS 
(Cont "a ) 


CPARK@-GCVER VOLTAGE 


GAP LENGTH (Peak Volts, Corrected) 
(millimeters ) Net irradiated Irradiated 
1.12 5990 4800 
n 4900 4800 
- 5400 4750 
. 5200 4700 
S 5300 4700 
1,45 6900 6500 
e 6700 6470 
- 7000 64,70 
" 7050 6470 
7 7100 6440 
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T2STS ON 6.25 am, SPHERES AT 750 KILOCYCLES 


Barometer 75,00 em., Temperature 27°C, 


SPARK-OVER VOLTAGE 


GAP LENGTH {Peak Volts, corrected) 
(Millimeters ) Not Irradiated Irradiated 
6.45 17909 17800 
" 17900 17800 
. 18200 17800 
. 18000 17800 
7 17850 17900 
4.81 13790 13600 
' 13700 13540 
. 13700 13540 
- 13'700 13540 
. 13600 13540 
349 10300 10200 
- 10500 10150 
* 10500 10220 
7 10300 10220 
’ 10300 10220 
2248 7700 7600 
2 8000 7700 
° €100 7750 
' ECOO 7700 
’ 8160 7700 
2.08 6800 E700 
_ 7000 6650 
, 7059 6650 
. 7100 6650 
7050 6650 
1.63 6000 5750 
7 6000 5700 
. 6000 5700 
° 5900 5650 
. 5950 5650 
1,07 4649 4500 
e 4600 4450 
. 4,760 44,50 
P 4960 £450 
. 4960 4450 
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TEST ON 2-cm, SPHERES AT 750 KILOCYCLES 


Barometer 74.93 cm., Temperature 27°C, 


SPARK-OVER VOLTAGE 


GAP LENGTH (Peak Volts, corrected) 
(Wi llimeters ) Net Irradiated Irradiated 
6.45 17900 17600 
” 18300 17ECO 
- 17900 17600 
f 17300 17700 
. 18300 17700 
4.82 145090 13490 
’ YU190 133% 
. 13600 13500 
° 14,000 13400 
" 13600 13400 
3.50 11100 10400 
bs 11290 10290 
. 10200 10300 
. 11999 19300 
° 12200 103900 
2250 $300 7800 
" 8400 7750 
" 8600 7760 
» 8750 FIN0 
" 8750 7760 
1.64 5820 5650 
- 5950 540 
" 6760 5670 
- 6.20 5670 
n 6480 5670 
1.10 4820 4,650 
n 4920 4450 
- 4920 4650 
. 4900 4650 
, 5150 4650 
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TESTS ON 6,25-em. SPHERES AT 2088 KILOCYCLFS 
Rarometer 76.20 cm., Temperature 28°C, 


SPARK-OVER VOLTAGE 


GAP LEKOTH (Foak Volts, Corrected) 
(Mi llimeters) Not irradiated, Irradiated 
5.93 17650 1GECD 
r 16600 17000 
rn 17100 16800 
® 17000 16200 
nt 17009 17000 
4.83 14000 14000 
13700 13700 
, 14000 13800 
° 13500 14000 
™ 13600 139900 
3.80 11100 11400 
f 11100 11300 
" 11200 11409 
ft 11200 112C0 
, 11200 11300 
2.86 8800 &4,60 
" E600 £460 
€600 $570 
n &550 E570 
a 2400 2500 
1.62 5220 5250 
. 5220 5200 
: 5300 5150 
7 £300 5200 
. 5260 5200 
1.11 £280 3950 
" 4039 3900 
. 4030 3950 
: 4030 3950 
? 4030 3900 





TESTS ON 2-em, SPHERES AT 20@8 KILOCYCLES 
Barometer 76.94 cm., Temperature 25°C. 


SPARK-OVER VOLTAGE 


GAP LENGTH (Peak Volts, corrected) 
(Millimeters ) Not irradiated Irradiated 
6.00 16900 17100 
° 17250 17290 
- 17150 16390 
. 17250 17080 
= 17150 17100 
442 13000 12800 
. 12800 13000 
” 133090 13100 
. 1293900 13200 
° 13009 231200 
aSTT 11050 11000 
Pe 11250 11000 
- 12250 13.200 
" 11360 11160 
uf 11360 112C0 
2072 8500 E450 
. £470 £330 
. E550 &2E0 
” 8650 &380 
n 8470 £350 
1,63 5250 E300 
. 525C 5300 
8 5360 5320 
. 5400 5350 
, 54.00 5A50 
0.64 3550 2970 
. 3350 2970 
> 3150 3000 
° 3550 2970 
" 3150 2370 
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TESTS ON 2-em, SFHERES AT 4873 KILOCYCLES 


Barometer 76.15 cm., Temperature 27 %, 


SPARK=OVER VOLTAGE 


GAP LENGTH (Peak Volts, corrected) 
(¥i1limeters ) Not irradiated Irradiated 
6.45 18300 18300 
. 18400 18100 
- 18500 1000 
’ 18400 18100 
- 18300 18200 
4.83 14150 14200 
’ 14250 14100 
" 14150 14200 
? 14450 14100 
. 14350 14100 
3.43 ‘10800 10600 
. 10800 10500 
. 10200 10500 
" 10700 10500 
: 10700 10500 
2049 7800 7700 
7 7716 7700 
° 7760 7650 
. 7760 7650 
’ 7760 7700 
1,53 5160 5020 
. 5080 5020 
% 5210 4,980 
. 5450 4980 
’ 5250 4980 
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TESTS ON 2-em, SYH=ERES AT 8015 KILOCYCLES 


Barometer 77.20 cm., Temperature 28°, 


SPARK@OVER VOLTAGE 


GAP LENGTH (Peak Volts, corrected) 
(Willimeters ) Not irradiated irradiated 

Ao15 12500 12400 
" 12500 12590 
- 12500 12500 
- 12400 12500 
- 12500 12500 
3.06 9350 9500 
. 9570 9600 
° 9350 9600 
7 9350 9500 
. 9460 9600 
2.10 6860 6200 
" 6860 6800 
" 6830 6740 
. 6900 6800 
" 6860 6€00 
1.13 4180 4000 
. 4180 4000 
. 4060 4,000 
. 4100 3960 
7 4100 4000 
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TESTS ON 2-cm, SPHERES AT 12500 KILOCYCLES 


Barometer 75,96 cm., Temperature 28°C, 


SPARK-OVER VOLTAGE 


GAP LENGTH (Peak Volts, corrected) 

(MA llimeters) Not irradiated Irradiated 
6.47 18000 17800 
7 18200 17800 
7 18200 17800 
7 181200 17800 
7 17800 17800 
4.83 14150 13950 
7 13'700 13950 
" 13900 13850 
® 13900 13850 
. 14150 13950 
3452 10700 10750 
. 10700 10750 
° 10700 10750 
. 10800 10750 
. 10900 10750 
2450 $240 8050 
n 8360 8150 
° $360 8050 
" 8330 8050 
6 8240 8150 
1,12 4,030 £050 
° 4120 4000 
4130 4050 
° 4160 4000 
° 4120 4050 
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TESTS ON 2-em. SFHERFS (IRRADIATED) 
Barometer 76,20 cm., Temperature 25°C, 
GAP LENGTH 0,50 Millimeters 


SPARK -OVER SPARK-OVER 
VOLTAGE VOLTAGE 
FREQUENCY (CORRECTED FREQUENCY (CORRECTED) 


2088 KC 2600 300 KC 2600 
. 2640 ° 2600 
2600 » 2600 
2600 n 2600 
2600 . 2600 


2 847 KC 2500 750 KC 2650 

2500 . 2650 
2500 . 2600 
2500 . 2600 
2500 . 2600 


3550 KC 2350 
” 2400 
24,00 
24,00 

- 2350 


4873 KC 2250 
2250 
2300 
2300 
2350 


a223 3 


\ 8015 KC 2250 
n 2200 

. 2200 

° 2200 

. 2150 

12500 KC 2100 

" 2100 

, 2100 

® 2100 

" 2100 





TESTS ON 2-em, SPHERES (IRRADIATED) 


Barometer 75.97 cm., Temperature 27°C, 


GAP LENGTH 0.77 Millimeter GAP LENGTH 1.60 millimeter 





SFARK-OVER SFARK=OVER 
VOLTAGE VOLTAGE 
| FREQUENCY (CORRECTED FREQUENCY (CORRECTED) 
300 KC 3600 300 KC 6400 
° 3550 ’ 64,00 
- 3550 
. 3550 400 KC 6300 
. 3550 - 6300 
500 KC 3550 500 KC 6300 
° 3600 » 6250 
a 3550 . 6200 
. 3550 : 6250 
* 3600 ° 6200 
750 KC 3500 1000 KO 5500 
” 3500 . 5500 
n 3500 ° 5500 
F 3500 ° 5500 
. 3500 e 5450 
2000 KC 3200 2000 KC 5300 
7 3200 7 5150 
. 3200 ’ 5200 
. 3200 , 5150 
7 3200 . 5150 
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TESTS ON ROD GAP AT 2088 KILOCYCLES 
Barometer 76.20 cm., 


GAP LENGTH 
(MilLimeters ) 


25.00 


a 

4 

- 

” 
19.20 

© 

fn 

a 

" 


14.37 
” 


54 


zs 323¢e 


4.83 
8 


2650 
Ls 


323 3 


Temperature 28°, 


SPARK-OVER VOLTAGE 
(Peak Volts, corrected) 


Not irradiated 


19000 
16300 
17300 
16500 
16900 


15000 
14750 
15700 
15100 
15500 


13900 
15300 
15000 
13700 
14300 


12300 
11900 
13000 
12500 
12600 


7800 
8500 
9020 
9430 


9210 


5330 
5940 
6060 
6350 
6380 


irradiated 


14,600 
14600 
14500 
14800 
14700 


13700 
13900 
13900 
13900 
13900 


12400 
12400 
12500 
12500 
12600 


11000 
11100 
11000 
11100 
11000 


8400 
8500 
8500 
8500 
8450 


5900 
5950 
5900 
5900 
5800 
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TESTS ON ROD GAP AT 4873 KILOCYCLES 


Barometer 76,00 em., Temperature 27°C, 


SPARK-OVER VOLTAGE 


GAP LENGTH (Peak Volts, corrected) 
(Millimeters ) Not irradiated Irradiated 

23.10 14250 13600 
" 14350 13700 
n 13800 13700 
n 14500 13200 
" 15000 13300 
19.20 12250 12700 
" 12700 12700 
al 13900 12700 
’ 13900 12700 
7 14100 12700 
9.70 11200 10600 
° 11400 10500 
10700 10600 

? 11500 10600 

“ 11300 10600 
485 7300 7900 
e 7700 €100 

. 7800 8200 

" 8200 8200 

. 8200 8200 
2015 4260 4700 
. 4260 5030 

. 4230 5630 

. 41,30 5750 

. 4300 5800 

" 5640 5870 

7 5830 5800 
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TESTS ON ROD GAP AT 8015 KILOCYCLES 


Barometer 76.04 cm., Temperature 26°C. 


SPARK-OVER VOLTAGE 


4600 


GAP LENGTH (Peak Volts, corrected) 
(Millimeters ) Not irradiated Irradiated 
11.65 12100 11200 
° 12100 11500 
af 12600 11500 
. 12600 11500 
. 12600 11500 
9255 10300 10500 
ad 12000 10500 
” 12200 10700 
° 11200 10500 
° 11500 10500 
4.88 &400 &700 
6 8600 8600 
n 8600 8500 
" 8700 8400 
” 8800 84,00 
2285 6900 6600 
¥ ‘7100 6700 
" 7700 6500 
. 7900 6700 
* 7800 6700 
1.63 3300 4,500 
: 3750 4,600 
- 4000 4700 
: 4300 5000 

Lj 


5000 





CALIBRATION OF VACUUM -TUBE VOLTMETER 


Cylindrical Capacitance C z= 0.632 Ar Ar :. 





Capacitance 
Frequency Current Calculated Voltmeter 
(Kilocycles ) (Milliamperes) Peak Volts Reading 

2760 37.0 4760 1,20 
2 245 3160 0.80 
. 30.5 3930 0.99 
. 36.5 4760 1.9 
n 34.8 4980 1.26 
° 4242 6030 1.54 
° 4502 64,60 1.64 
- 5245 7510 1,28 
i 53.5 7650 1.90 
. A902 7030 1.75 

Cylindrical Capacitance C = 0,885 MMP. 

2482 56.4 5750 1.44 
. 69.5 7090 1.75 
” 11.8 7320 1.82 
7 74.0 7550 1.88 
7 44,3 4520 1.14 
- 36.5 3720 0.95 
' 2745 2800 0.72 
* 472 4810 1.19 

Cylindrical Capacitance C ~ 0.434 [rls 

2185 24,5 5800 1.42 
” 28.2 6680 1.60 
” 56.2 &580 2.07 
. hhed 10530 2655 
7 Lhe 10530 1.00 
? 50.5 12000 1.15 
- 51.0 12100 1.18 
. 59.8 14200 1.36 
" 65.0 15400 1.48 
« 69.4 16400 1.57 
. 1502 17800 1.72 
. 36.5 8650 0.81 
: 32.5 7700 0.72 

5089 595 6070 1.50 
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CALIBRATION OF VACUUM-TUHE VOLTMETER 
(Cont 'd) 


Cylindrical Cayacitance C = 1.7604 WF 





Capacitance 
Frequency Current Calculated Voltmeter 

(Kilocycles ) (Milliamperes ) Peak Volts Reading 

308 27,0 11200 2.66 
. 2420 9960 2-40 
" Abed 10170 RAL 
. 24,45 10170 0.96 
: - 24.40 9960 2042 
. 19.0 7880 1,28 

7 31.5 13100 1,22 

- 36.5 15100 1.43 

7 20,0 8300 290 

’ 38.2 15800 1.50 

6 423 17500 1.67 

. 4502 13700 1.78 

- 31.0 12900 1.20 

- 46.0 19100 1.83 

: 462 19150 1,81 

7 46.8 19400 1.84 

" 46.4 19200 1,83 

. 46.2 19150 1El 

. 46.0 19100 1.é0 

e 43.5 18000 1.73 

n 42.6 17700 1.69 

o 41.4 17200 1.64 

. 39.8 16500 1.57 

" 38.5 16000 1.52 

500 3320. 8450 2.07 

° 39.0 9980 245 

, 33.8 8650 2.10 

" 40.7 10400 2053 

» 22.8 5840 145 

- 38.6 9880 0.94 

n hheh 11350 1,08 

. 49.8 12750 1.22 

' 5562 14100 1.35 

° 59.7 15280 1.48 

° 63.4 16200 1.54 
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CALIBRATION OF YACUUM-TUBE VOLTWETER 
(Cont 'd) 


Crlindrical Capacitance C - 1.760 Ar F, 


Capacitance 
Frequency Current Caleulated Voltmeter 
(Kilocycles) (Milliamperes) Peak Volte Reading 
900 49.0 6950 1.70 
" 65.0 9220 2.25 
- 32.0 4540 1.10 
. 32.7 4,640 Lae 
. 39,0 5530 1.35 
- Th.7 10600 2.62 
. Theh, 10540 2.60 
. 74.0 104E0 1,01 
, 52.2 74,00 1.80 
2000 67.0 4280 1,05 
. 73.0 4660 1.14 
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DIRECT=CURRENT CALIBRATION OF THERMOCOUPLE 


Western Electric Co, Thermocouple No, 21136 
rated 5 ohms, 75 milliamperes, connected to 
General Electric Co, microammeter No. 1112211 





64.10 


Heater Current Water Reading 
(Milliamperes) (6-3 scale) 
20.76 0.145 
28.93 0.280 
35.42 0.410 
42,63 0.590 
48.51 0,730 
53.30 0.855 
59.61 1,016 
65.35 1.170 
70.77 1.317 
The l2 1.420 
53047 0.867 
37.53 0.470 
2510 0.226 
15.70 0.100 
67.80 1.243 


1.142 
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